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Compelling question: What are the properties of
sQGP as probed by jets

* Do we have theoretical and experimental tools?
* |s there a defined theoretical framework?
 What future developments required?

* Why one needs RHIC when we have LHC?




Jets in high-energy collisions

--tools for studying QCD and new discoveries

Deep Irelastic Scattering
e*e Annihilation
Hadron Collisions
Heavy Quarkonia

213 MeV — 0.1184
178 MeV — = 0.1153

{ 251 MeV --- 0.1215




Jets in heavy-ion collisions

Multiple scattering
Transverse momentum broadening

Parton energy loss
Jet suppression




Jet Quenching at RHIC & LHC

Au+Au (central collisions):
| | Direct y (PHENIX Preliminary)

Inclusive h* (STAR) o d+Au FTPC-Au 0-20%
7% (PHENIX Preliminary) . . .
GLV parton energy loss (dN%/dy = 1100) o, T p+p min. bias iSTKR
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Jet Quenching at RHIC & LHC
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What properties of QGP jets probe

* Space-time profile: Tow(x) : T'(x), u(x)
e EOS: T, <= ¢, P,s,c2 = 0p/Oe
+ Bulk o= lim oo [ dtdee™ ([T, 0), Ty ()
ulk transport: 7= lim —— e [Ty (0), Ty (
d*x iq-T ) - :
* EM response: Win(a) = [ =€ {ju(0)ju())

 4n?a,Cr [ dy-
o Jettransport: = G— —— R/ 4
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Parton propagation in medium
dy~ d?
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p; broadening and jet transport

Cold nuclear matter in DIS:
DIS: HERMES

QN ~ O 02 Gev2/fm 80 100 120 14(;

Consistent with value from jet quenching in DIS:
Deng & XNW, PRC83(2010)024902;
Chang, Deng & XNW, PRC89(2014) 034911




Parton energy loss in Medium
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Medium modification of jet splitting function:

1 1= 220 y _
My(2. ) = Cay—gr [ € AE — cos(arp*e)

Parton energy loss:
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Difference approximations:
HTLpQCD (AMY), Opacity expansion(GLV), High-twist (HT), SCET

Numerical implementation of multiple emission, propagation and evolution:
McGill-AMY, MARTINI-AMY, CUJET, HT-BW, HT-M, JEWEL, JaYEM, PCM, BAMPS ....




Jet quenching phenomenology

3+1D hydro + Jettransport + Hadronization

 Numerical implementation of jet propagation in
medium: elastic scattering, induced gluon
emission , multiple scattering and gluon
emission, LPM interference

e Realistic bulk evolutions: e-by-e 3(2)+1 hydro :
constrained by bulk hadron spectra, v,

* Hadronization: fragmentation & recombination

http://jet.lbl.gov

ollaboration
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Jet quenching phenomenology

Suppression of single hadron spectra at RHIC and LHC

Best 2 fits with different model calculations :

-== GLV-CUJET ) o CMS (0-5%)
—— MARTINI-AMY (0-10%) ~ ® PHENIX'2008 (0-5%)

* Alice (0-5%)
McGill-AMY * PHENIX 2012 (0-5%)
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Jet transport coefficient

JET Collaboration: arXiv:1312.5003

McGill-AM
--- GLV-CUJET

| _Au+Au at RHIC
Pb+Pb at LHC
0.2 0.3 0.4
T (GeV)
[ e : T=370 MeV,
1% { 1g+oy SV /I a0 170 Mev!




T-dependence of jet transport coefficient ?

JET Collaboration: arXiv:1312.5003

GLV_CU\JET mTa . /’;’,
HT—BW :

Collaboration
HT—M

McGill—AMY &l | |
MARTINI &

u+Au at 0.2 TeV,

Qy/Toe (DIS)  Pb+Pb at 2.76 TeV,
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T-dependence of jet transport coefficient ?

JET Collaboration: arXiv:1312.5003

GLV-CUJET 5 5 »
HT—BW B
HT—M . Collaboration

McGill—AMY
MARTINI

u+Au at 0.2 TeV,

. ff (DIS) <Pb+Pb at 2.76 TeV

Reduction of uncertainties: dihadron, gamma-hadron, flavor dependence,
anisotropy, jet observables




NLO and Q-evolution of ghat

* Uncertainty in scale dependence of collinear LO results

e Cancellation of soft-collinear divergence
* Factorization of the collinear divergence PRL 112, 102001(2014)

d<kiO>NLQ
th

1l
Olg dx
qu(iL’B,0,0,M?) . / e

2T Jyoo X

§ = 4(E, Q%)

Structure of the medium at different scales
16
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Pin point the quasi-particles in QGP

Beyond extracting jet transport parameters

Laine & Rothkopf (2013)

Linear Boltzmann Transport (LBT) simulations
EQCD (N‘= 2, T =400 MeV)
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Enhancement of large angle di-jet, y-jet,
v-hadron correlation
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Quasi-particles seen by heavy quarks

Mass effect: dead-cone in gluon radiation
(Dokshitzer & Kharzeev (2001)

dN, o ozSKZT

\

Az "B (Bt 2M)

Smaller radiative energy loss
(Should be similar to light quarks p;>> M)

100 150 200 250 300 350 400
< Npan weighted with N_ »

. oD B
Rap~ Rap < Rjg

Detailed study of Interplay between elastic and radiative energy loss

1

é/q\ =) Properties of quasi-particles in QGP
(close to Tc and at highest T )
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Modification of jet structure

L dt =150 ub”
100 < p_ < 300 GeV/c

‘ - + . jet
anti-k; jets: R = 0.3 o ATLAS OM2014

0.-‘]0%/60-80%
p[f > 100 GeV/c »
HZI Y

pi:‘ > 100 GeV/c
0.3< <2
0.5F 0-10% p‘T”"‘k >1 GeV/c

jet transverse profile
Fragmentation function

€ =1In(1/z)

 Modified QCD evolution of jet parton shower
— Include both vacuum and medium induced splitting
— Incorporate space-time and Q?-evolution
— Incorporate possible color de-coherence
— Parton hadronization (recombination) in medium
— Jet-induced medium excitation (shock waves)

19



Jet-induced shock waves

* Re-distribution of lost jet

energy \

e Soft-parton -medium
Interaction non-
perturbative in nature

* Closely related to bulk
transport properties in
medium and EoS

E
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Q
S
N
T
S
w
T
=

* Jet-induced medium excitation in turn will
influence the jet structure (both frag. func.
and profile)
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Dissipation of the missing jet energy

. K o (dack — Peading o) Miss jet energy bala.nced by low pt
Tracks el hadron outside the jet cone

()
CMS 0-30%

Pb+Pb \/s,=2.76 TeV
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* Jet propagation coupled with 3+1D e-by-e hydro
Realistic modeling of geometric bias in dijet

Mod of underlying flow by jet-medium interaction

pAl



vy-hadron correlations

As a probe of both large angle scattering
and jet-induced medium excitation

* Less geometric bias
* No contamination from elliptic flow

—e—y-hadron(/6.0) (10mb) . ¥ h
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Summary (long)

* Jet quenching - a leading signal of hot & dense
medium- is observed over a wide range of
experimental measurements

* Experimental studies at RHIC and LHC combined
with theoretical & phenomenological
development lead to extracted values of jet
transport parameter ghat

* Future combined RHIC & LHC studies and
improved theoretical calculation can shed light
on the T and scale-dependence of ghat, fine
structure of the medium, and medium response
to jet-induced excitation (bulk transport)
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Summary (short)

* Jet quenching provided important evidence of sQGP in A+A at
RHIC and LHC

* Continued study of jets at RHIC, together with data from LHC, is
critical for determination of many important properties of sQGP,
complementing that offered by soft probes

Bulk and jet transport properties
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Backup
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Linear Boltzmann jet transport

p1-0fi(p1) = —/dpzdpsdp4(f1f2 — fsfa) IMia—sal” (2m)64 () ps),
fz(p) T (271')353(]7@' — ﬁo)(SS(f— _’0 — tﬁz)[l — 1, 3]
1 .
ff(pi) — (g?)'é.'u/T ] (Z o 27 4)
do 9 o 3
— = [M12-34|/167"s = YT
ng B QCYSNC R N t—t()
Induced radiation  dzd2k, dt 77]‘341 P)(p - u)gsin( 2T )

Li, Liu, Ma, XNW and Zhu, PRL 106 (2010) 012301
XNW and Zhu, PRL 111 (2013) 062301



Jet-induced medium excitation

t=4fm/c
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Effect of recoils and jet broadening

XNW and Zhu, PRL 111 (2014) 062301
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Ma and XNW (2011) 30




Broadening of jet transv. profile

1 1 pr(r — Ar/2,7 + Ar/2)
)= N 2 0B

pT(O: R)

R=0.3
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Medium mod. of frag function

Seen in CMS & ATLAS single jets XNW and Zhu, PRL 111(2013)062301

* » t=0.6 (fm/c)
—t=17 (fm/c)

XNW, Huang & Sarcevic (1996)

Energy of reconstructed jet dominated by leading particle
Suppression of fragmentation functions relative to initial energy

32



Factorization at twist-4

" Transverse momentum square weighted
Cross section

2
(MilhTi(ﬂ :O‘o/ —Dq/h z ,U / —TF (2,0,0 ,u )o(1 —2)o(1 — 2) —> T-4 LO
L dz dr 2 ) ] A A
+ 00% —Dq/h(z Iz )/ . {ln (32 ) [(5(1 — Z)Pyy(2) +0(1 — 2) P,y (2)) Tr(z,0,0, 42

+ 5(1 - Z)qu—>qg( )®TF(IE7$7$B>M2)] + (Fc(ﬁjaé) +FA(5AU7’§)> ®TF(5U7337$B>/~L2)}

Finite contribution from asymmetric-cut diagrams
FA('@ 2) & TF(aja T, TpB, #2)

C 1+ 7
:——A5(1— )(1 +f§ [TL(x,O,:CB—x,,u2)—TR(a:B,0,x—xB,u2)—TL(a:,wB—x,a:B—x,/f)—l—TR(xB,‘
122 2 R 2
= 0(1 = &)= (1 +£)Ca [T"(x,0,0,4%) + T"(x,0,0, *)]
B CF(1_2>+C 5 14 z22 dT*(z,z0, 25 — x, pi?) N dT%(xp, 29,2 — x5, u?)
2 22 dxo 20=0 dxo ro—t—2p




" Evolution equation for T4 - NEW

0 1 R
“za_/RT r(zp,0,0 ,u 2)Tr(z,0,0 ,u + Pyyyqe(2) @ Tp(z, 2,28, 1
€T 0 0 €T A /
Qj p—

< -~

soft-soft hard-hard & soft-hard & hard-soft

qu—>qg(55) ®Tp(z,z,2B)

2 1 142
=Cy [ —T(xpg,x —xp,x) — =
(1—2)+

21— )y

When T —, thereis no phase space for the gluon radiation from the initial gluon.

(T(a:, 0,z — :B) + T(ZEB,CE — IR, T — iUB))]
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Running coupling in jet quenching

Solid: LHC
"I Dashed: RHIC

Buzzatti, Gyulassy
| : 2013




McGill-AMY
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Jet transport coefficient

boration

JET Collaboration: arXiv:1312.5003

McGill-AM
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! Au+Au at RHIC
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Jet quenching phenomenology

McGill-AMY
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